Serotonin immunoreactive neuroendocrine cells and peptidergic nerves (NPY and VIP) could have a role in prostate growth and function. In the present study, rats grouped by stages of postnatal development (prepubertal, pubertal, young and aged adults) were employed in order to ascertain whether age causes changes in the number of serotoninergic neuroendocrine cells and the length of NPY and VIP fibres. Discriminant analysis was performed in order to ascertain the classificatory power of stereologic variables (absolute and relative measurements of cell number and fibre length) on age groups. The following conclusions were drawn: a) discriminant analysis confirms the androgen-dependence of both neuroendocrine cells and NPY-VIP innervation during the postnatal development of the rat prostate; b) periglandular innervation has more relevance than interglandular innervation in classifying the rats in age groups; and c) peptidergic nerves from ventral, ampullar and periductal regions were more age-dependent than nerves from the dorso-lateral region.
INTRODUCTION
The regulation of prostate growth has been considered as an almost exclusive function of the endocrine system. Nevertheless, the finding of cholinergic and adrenergic receptors in human prostate, and the presence of abundant autonomic neuroendings, suggest a role for innervation in homeostasis, growth and prostate function (McVary et al., 1994; McVary et al., 1998; Mottet et al., 1999) . In fact, the transduction signalling of neurotransmitters might modulate the growth and physiology of the prostate gland (McVary et al., 1998; Farnsworth, 1999) , while experimental denervation causes the loss of prostate function and atrophy (Lujan et al., 1998) .
Neuropeptides have been detected in the prostate of several species (mice, hamster, guinea pig, rabbit, rat and man); these substances might be also related to the growth, maintenance and function of the prostate. Non-cholinergic, non-adrenergic neurotransmitters could modulate the activity of androgens by transduction signalling (Adrian et al., 1984; Lange et al., 1990; Crowe et al., 1991; Gkonos et al., 1995; Jen et al., 1996) . Neuropeptide Y (NPY), and vasoactive intestinal polipeptides (VIP) have been especially well studied in relation to prostate function (Rodriguez et al., 2005) .
On the other hand, recent studies show that certain neuropeptides could be implicated in the development of proliferative prostate pathologies such as benign prostate hyperplasia (BPH) and prostate carcinoma. For example, VIP could induce cell proliferation of the acini in rat prostate (Juarranz et al., 2001) .
The function of the neuroendocrine cells described in the rat prostate could be related to the excretion of prostate secretions toward the urethra, and these cells might be regulated by androgens (Rodriguez et al., 2003) . Recently, several studies have claimed that neuroendocrine cells from human prostate could be implicated in the pathogenesis of BPH (Martin et al., 2000) and in prostate cancer (Cohen et al., 1991; di Sant'Agnese, 1992; Abrahamsson, 1999) . Moreover, certain peptides might be implicated in the growth and development of the prostate, e.g., VIP could induce cell proliferation of acini from rat prostate.
There is evidence of morphological and functional relationships between neuroendocrine cells and prostate nerve fibres, resulting in a neuro-hormonal system that might modulate androgenic action in the prostate (Wanke et al., 1990; Abdul et al., 1995; Gkonos et al., 1995) .
The combined use of immunohistochemistry and unbiased stereologic methods will be interesting in establishing quantitative relationships among the diverse types of peptidergic nerves and neuroendocrine cells from rat prostate in postnatal development (Rodriguez et al., 2003; .
The present study aims to: a) evaluate the amount and distribution of nerve fibres immunoreactive to Protein Gene Product 9.5 (PGP 9.5), NPY and VIP, and of immunoreactive Serotonin (SER) neuroendocrine cells in several regions of the rat prostate during postnatal development; b) quantify the correlation between peptidergic innervation and the neuroendocrine cell population and its changes in postnatal development; and c) provide evidence of the value of quantitative parameters of both nerve fibres and neuroendocrine cells as relevant in distinguishing rat prostates of different ages.
MATERIALS AND METHODS

ANIMALS
The study was carried out on 68 Wistar male rats. The animals were distributed into 4 groups according to postnatal development: prepubertal (15 days old), pubertal (30 days old), young adult (90 days old) and aged adult (540 days old). Animal protocols agreed with the guidelines for the care and use of research animals adopted by the Society for the Study of Reproduction. All rats were killed by exsanguination after CO 2 narcosis. The prostate complex was dissected from the abdominal cavity of each animal and exhaustively cut into 2-mm-thick slices. The section plane was perpendicular to the saggital axis of the gland. All specimens were fixed by immersion in 10% paraformaldehyde in phosphate buffered saline (PBS) with pH 7.4 for 24 h and then embedded in paraffin.
SAMPLING PROCEDURE
For each prostate, all slices obtained were embedded in a paraffin block. The blocks were then serially sectioned. Five µm-thick sections (for immunohistochemistry and routine haematoxyline-eosine techniques) alternating with 10 µm-thick sections (for stereological methods) were performed for each block. All prostate regions were included in every section.
For the evaluation of immunohistochemical and stereological studies, twenty sections were selected by random systematic sampling (Gundersen et al., 1981) from each block obtained from each animal.
IMMUNOHISTOCHEMISTRY
Nerve fibres immunoreactive to PGP 9.5, NPY and VIP, and neuroendocrine cells immunoreactive to SER, were studied in duct, ampullar, dorsal and ventral rat prostate regions from pubertal (P), young adult (A), and aging adult (AA) animals. In prepubertal (PP) animals the morphologic identification of the ampullar, dorsal and ventral regions was not yet reliable; then, all the immunohistochemical and quantitative studies were performed in two different zones: the prostate (including the three undifferentiated ventral, dorsal and ampullar regions) and the duct zone (easily identified throughout all the age groups). PGP 9.5 was used as a general marker for nerve fibres, NPY and VIP as markers for peptidergic innervation and SER as a neuroendocrine cell marker.
For each antigen employed, the immunoreactive nerve fibres were evaluated in periglandular (Pg) and interglandular (Ig) compartments from dorsal, ampullar and ventral prostate in P, A and AA animals, and the prostate zone in PP animals. The Pg zone was defined as a band 10 µm wide around the acini, and the remaining stroma was considered as an Ig zone. In order to evaluate ductal innervation, a periductal zone (Pd) with an extension of 20 µm (including the periductal muscular layer) around the excretory ducts was also considered. The abbreviations employed are summarised in Table 1 . At least three selected slides per animal (per prostate) and per antigen were immunostained in all the animal groups. Deparaffinised and rehydrated tissue sections were treated for 30 min with 0.3% hydrogen peroxide in phosphate-buffered saline (PBS), pH 7.4, to block endogenous peroxidase. To detect PGP 9.5 immunoreactivity, sections were incubated with a monoclonal anti-PGP 9.5 antibody (Biomeda, Foster City, CA, USA) at a dilution of 1:25. To detect SER, NPY and VIP immunoreactivity, sections were incubated respectively with a polyclonal anti-SER antibody (Biomeda) at a dilution of 1:25, polyclonal anti-NPY antibody (Hammersmith Hospital London, UK) at a dilution of 1:1000, and polyclonal anti-VIP antibody (Biomeda) at a dilution of 1:2. All primary antisera were diluted in PBS pH 7.4 containing 1% bovine serum albumin (BSA) plus 0.1% sodium azide. All incubations with primary antisera were left overnight at 4ºC. The second antibody used for the primary monoclonal antibody was a biotin-caproylanti-mouse immunoglobulin (Biomeda). The second antibody used for primary polyclonal antibodies was a biotin-caproyl-anti-rabbit immunoglobulin (Biomeda). Both were diluted at 1:400 in PBS containing 1% BSA without sodium azide. The tissues were incubated for 30 min at room temperature. Thereafter, sections were incubated with a streptavidin-biotin-peroxidase complex (Biomeda). The immunostaining reaction product was developed using 0.1 g diaminobenzidine (DAB) (3,3',4,4' -tetraminobiphenyl, Sigma, St Louis, USA) in PBS (200 ml), plus 40 µl of hydrogen peroxide.
After immunoreaction, sections were counterstained with methyl green for nerve fibre studies, and Harris hematoxyline for neuroendocrine cell studies. All slides were dehydrated in ethanol and mounted in a synthetic resin (Depex, Serva, Heidelberg, Germany). The specificity of the immunohistochemical procedures was checked by incubation of sections with nonimmune serum instead of the primary antibody.
STEREOLOGICAL METHODS
Evaluation of numerical density of SER immunoreactive cells (N V ) (number of SER immunoreactive cells per unit volume).
The optical disector, an unbiased stereological method (Bjugn et al., 1993; Wreford, 1995; Mayhew et al., 1996) , was employed. Briefly, the procedure used was as follows. Three 10-µm-thick sections serotonin immunostained per animal (per prostate) were chosen by systematic random sampling. Such section thickness is obligatory for the optical disector method (Mayhew and Gundersen, 1996) .
Only the prostate zone of the periurethral ducts in all age groups was scanned in order to count cells, given that no SER immunoreactive cells were found in the other prostate regions. An average of 100 fields per section were systematically randomly sampled. All measurements were performed using an Olympus microscope with a ×100 objective (numerical aperture 1.4) at a final magnification of ×1200. The microscope was connected to a video camera and supplied with a motorised stage connected to a computer. The software used (Stereologic Software Package, CAST-GRID; Interactivision, Silkeborg, Denmark) commands the XY movement of the stage and allows the automatic selection of microscopic fields (Martin et al., 1997) . The program generates the disector grid that was superimposed on the microscopic image captured by the video camera and displayed on the monitor. The disector volume (Vdis) was calculated using the formula: Vdis = Sd • Hd where Sd = 1312 µm 2 (area of the disector frame), Hd = 5 µm, which is the distance between the two focal planes chosen for determining the disector volume in the tissue section; this distance was measured by means of a microcator (Heidenhain; Traunreut, Germany) connected to the Z displacement of the microscope stage. Because the total thickness of the section was 10 µm, a space of 2.5 µm above and below the optical section was maintained to avoid artefacts produced in the physical surface of the section. The volume of the disector (Vdis) was thus 6560 µm 3 .
The SER immunoreactive cells eligible to be counted were determined by using Sterio's convention (Sterio, 1984) ; only those cells that appeared in the upper focal plane and that were not observed in the lower focal plane were counted (Q d -). The numerical density of SER immunoreactive cells, or SER immunoreactive cell number per unit volume (N V ), was then obtained by the formula:
where Σ Vdis = total sum volume of disectors applied in each selected section. N V was calculated as the number of cells per mm 3 of prostate volume.
Changes in volume during tissue processing were calculated in order to transform the volumes that were measured in paraffin-embedded material to their actual measurements in fresh prostate. The amount of shrinkage (F R ) was previously calculated (Martin et al., 2001) . In brief, fresh prostate volume (Vprost) was obtained by water immersion of unfixed specimens. The differences between fresh volumes and Cavalieriestimated volumes (Mayhew, 1991) for the whole organ were obtained, and the percentage of shrinkage was calculated. On average, a 32% reduction in the volume of fresh tissue by processing the samples was found. Consequently, an F R = 1.3 was applied in calculating the number of SER immunoreactive cells to adjust prostate volume for shrinkage.
Evaluation of SER immunoreactive cell number per prostate (N). This was calculated by multiplying the corresponding N V SER immunoreactive cells by the volume of the periurethral ducts (Vducts
To obtain Vducts, the fraction of prostate volume contained in the periurethral duct (V V ducts) was measured, i.e., the ratio between the periurethral duct area and the reference area of prostate tissue. This volume fraction was estimated in an average of 30 systematically randomly sampled microscopic fields (an average of 194000 µm 2 per field) in five systematically randomly selected sections of each animal from each group. The measurements were performed by counting the points hitting either the periurethral duct area or the reference area, using the CAST-GRID software package, which provides a counting point frame with a point-associated area A(p) = 45 µm 2 (Martin et al., 2000) . The final magnification for these measurements was ×500. Vduct was then calculated by multiplying V V duct by Vprost.
3. Evaluation of length fibre density (L V ) immunoreactive to PGP 9.5, NPY and VIP: length of immunoreactive fibre per unit volume. The L V of PGP 9.5, NPY and VIP immunostained fibres was evaluated in the Pg and Ig compartments for ventral, dorsal, ampullar and acini regions, and in the Pd compartment for the ductal region, for each age group defined above. The stromal and epithelial compartments together were considered as a reference space. Briefly, the procedure used was as follows. Three 10-µm-thick PGP 9.5, NPY and VIP immunostained sections per animal (per prostate) were chosen by systematic random sampling. For all practical purposes, biological microstructures such as capillaries, tubules and axons can be regarded as linear features. The most important stereological attribute of linear features is their L V , i.e., total line length per unit volume from which absolute length can be calculated, provided the reference volume is known (Mayhew, 1991) . The nerve profile was defined as the portion of immunostained nerve segment seen, regardless of its size and length. An isotropic distribution of the nerve fibres was assumed in this study (Howard and Reed, 2005) .
An average of 100 fields per section in each prostate zone were systematically randomly sampled and used to count the number of immunoreactive nerve profiles. All measurements were performed with the same equipment and magnifications that were employed to estimate the number of neuroendocrine cells immunostained to SER.
The nerve profiles were counted with an unbiased counting frame according to the unbiased counting rule (Gundersen et al., 1988) . They were designated as Q − .
L V was a calculated using the formula:
where Q − = number of immunopositive nerve profiles counted with the unbiased counting frame and ∑A = total area sampled, i.e., the area of the frame (1312 µm 2 ) multiplied by the number of selected fields.
4. Evaluation of the length of fibres immunoreactive to PGP 9.5, NPY and VIP per prostate (L). The L PGP 9.5, NPY and VIP was calculated by multiplying their corresponding L V by the volume of each region.
To obtain regional volume, the fraction of prostate volume contained in each region (V V amp , V V dor , V V vent and V V duct) was measured, i.e., the ratio between ampullar, dorsal, ventral and periurethral duct areas, and the reference area of prostate tissue. This volume fraction was estimated for an average of 30 systematically randomly sampled microscopic fields (an average of 194000 µm 2 per field) in five systematically randomly selected sections of each animal from each group. The measurements were performed by counting the points hitting either the ampullar, dorsal, ventral, acini or periurethral duct areas, and the reference area, using the CAST-GRID software package, which provides a counting point frame with a point-associated area A(p) = 45 µm measurements was ×500. The regional volumes (V amp, V dor, V vent and V duct) were then calculated by multiplying each V V by prostate volume (Vprost).
Evaluation of prostate volume in pre-pubertal rats.
Because of the small size of the prostate complex in this group, it was not possible to apply the water displacement method in order to estimate glandular volume. Therefore, the Cavalieri principle was employed. Each paraffin block was exhaustively cut into serial sections 7 µm thick, and then from each set of 10 sections 1 was collected and stained with haematoxylin-eosin.
The Cavalieri estimator (Gundersen et al., 1988) was then applied to these sections, and the volume of the pre-pubertal prostate was obtained using the formula:
where Vprost PP = Volume of the pre-pubertal prostate (mm 3 ); t = average thickness from each set of 10 sections (0.07 mm) = 7 µm × 10; a P = Pointassociated area of the counting grid employed (0.25 mm 2 ); Σ p = Total number of grid points hitting each section; F R = Amount of shrinkage (1.3)
STATISTICAL ANALYSIS
All estimates were expressed as mean ± CI (confidence intervals at 95%) for each prostate region and age group. In order to determine the variables that most accurately classify rats in the groups of development being considered, stepwise linear discriminant analysis was applied to the age groups for different sets of variables: regional (relative or absolute) and global (relative or absolute) measurements. Discriminant variables were selected according to Wilks' lambda: at each step, the variable that minimises the overall Wilks' lambda or maximises the associated F statistic is selected (F to enter = 3.84 and F to remove = 2.71). Wilks' lambda statistic explains the rate of total variability that is not due to differences among groups. A lambda of 1 means that the mean of the discriminant scores is the same in all groups and there is no variability between groups, while a lambda near 0 means that there is a significant difference among groups. Therefore, Wilks' lambda provides a test of the null hypothesis that the population means are equal. The larger lambda is, the less discriminating power is present (Hair et al., 1998) . Discriminant analysis assumes that the variables are jointly normally distributed; therefore, data were preprocessed by applying logarithmic transformations to quantitative variables to fit them to normal distributions and substituting missing values with the age-group mean so as to avoid reduction of sample size. Statistical analyses were performed using the SPSS package (Chicago, Inc. III USA 1995). The level of significance for all tests employed was p < 0.05.
RESULTS
SER immunoreactive cells were located between the epithelial cells of the periurethral prostate ducts in all age groups (Fig. 1a,b) . PGP 9.5, NPY and VIP immunoreactive fibres were detected at Pg and Ig compartments in all prostate regions (ventral, dorsal, ampular) , and around the periurethral prostate ducts (Pd) in all development groups (Fig. 1c-f ) .
The discriminant analysis for relative measurements, irrespective of prostate region, i.e., including prepubertal animals, reveals that the most discriminant variables were, in order of classificatory power:
1-Nv SER, increasing from the pre-pubertal group to pubertal animals, and then decreasing during adult life.
2-Lv NPY (Pg), increasing from the pre-pubertal group to pubertal animals, and then decreasing during adult life.
3-Lv VIP (Pg), increasing from the pubertal group to adult animals.
With these variables in the model, 88.2% of individuals were correctly classified. Table 2 shows the significant reduction of the Wilks' lambda statistic with these variables included in the model. The estimates of mean values ± CI of these variables are displayed in Fig. 2 . Discriminant analysis of relative measurements considering their regional distribution illustrates that the most discriminant variables were, in order of classificatory power: 1-N V SER in the ducts region. With these variables in the model, 87.7% of individuals were correctly classified. Table 3 shows the significant reduction of the Wilks' lambda statistic with these variables included in the model. The variation of these variables related to age group are identical to those indicated for relative measurements irrespective of prostate region (Fig. 3) . The discriminant analysis for absolute measurements irrespective of prostate regions, i.e., including pre-pubertal animals, shows that the most discriminant variables are, in order of classificatory power:
1-L VIP (Pg), increasing from pre-pubertal animals to aged adults.
2-N SER, increasing from pre-pubertal to adults, and then decreasing slightly to aged adults.
3-L NPY (Pg), increasing from pre-pubertal to pubertal rats, and then maintaining pubertal values during adult life.
4-L PGP 9.5 (Ig), increasing from pre-pubertal animals to aged adults.
With these variables in the model, 82.4% of individuals were correctly classified. Table 4 shows the significant reduction of the Wilks' lambda statistic with these variables included in the model. The estimates of mean values ± CI of these variables are expressed in Fig. 4 .
The discriminant analysis for absolute measurements considering their regional distribution shows that the most discriminant variables were, in order of classificatory power:
1-L VIP (Pd) in the ducts region, increasing from prepubertal animals to aged adults.
2-L VIP (Pg) in the ventral region, increasing from pubertal animals to aged adults.
3-N SER in the ducts region, increasing from prepubertal to adults, and then decreasing to aged adults.
4-L VIP (Ig) in the ampullar region. Unchanged from pubertals to young adults, and then increasing to aged adults.
With these variables in the model, 87.7% of individuals were correctly classified. Table 5 shows the significant reduction of the Wilks' lambda statistic with these variables included in the model. The estimates of mean values ± CI of these variables are expressed in Fig. 5 . 
DISCUSSION
The discriminant analyses employed in the present study highlight relevant correlations among ductal neuroendocrine cells and prostate innervation during postnatal development. Absolute and relative numbers of ductal neuroendocrine cells are relevant in order to classify the rats according to age group. The increase of these cells was related to the onset of puberty and their decline with aging. These findings might suggest androgenic modulation for the development of this cell population (Rodriguez et al., 2003) . The innervation of the prostate compartments close to the epithelium (periglandular and periductal) was more relevant for classifying the rats by age than interglandular (stromal) innervation; NPY and VIP were found particularly associated. At the present time, the peptidergic innervation of the prostate seems to play a role of special relevance in prostatic physiology (Dixon et al., 2000; Ventura et al., 2002) . These neuropeptides, behaving as regulators of prostatic secretion, may be involved in modulation of the action of androgens (Gkonos et al., 1995; Juarranz et al., 2001; Ventura et al., 2002) . Some studies associate VIP with the proliferation of prostatic acini in rats (Juarranz et al., 2001) . It is also important to note the post-pubertal decrease of NPY immunoreactive periglandular fibres (Rodriguez et al., 2005) . This lessening could be attributed to changes due to aging in the periprostatic ganglia (Cowen, 1993) .
The relationship among serotonin, NPY and VIP has been evidenced from a functional point of view. VIP and serotonin increase the intracellular level of cyclic-AMP in the prostate epithelium, whereas NPY diminishes it (Gkonos et al., 1995) . Furthermore, it has been demonstrated that there is neuroendocrine differentiation in-vitro subsequent to the increase of cyclic-AMP (Cox et al., 1999) .
Another relevant issue is that not all prostate regions are equally influenced by age in respect of innervation. The peptidergic nerves from ventral, ampular and periductal regions are more age-dependent than the nerves from dorso-lateral regions.
In summary: a) discriminant analysis confirms the androgen-dependence of both neuroendocrine cells and peptidergic innervation during the postnatal development of the rat prostate; b) periglandular innervation has more relevance than interglandular innervation in order to classify rats in age groups; and the peptidergic nerves from ventral, ampullar and periductal regions are more age-dependent than the nerves from dorso-lateral regions; c) the peptidergic nerves from ventral, ampullar and periductal regions are more age-dependent than the nerves from the dorsolateral region.
